Introduction
Duchenne muscular dystrophy (DMD) is a common Xlinked progressive muscular disorder that occurs at the frequency of one in 3500 male births. Most of the affected males die of respiratory or heart failure around the third decade of life. [1] [2] [3] This severe muscle disorder is caused by the absence of a muscle cytoskeleton protein, dystrophin. Restoration of dystrophin protein expression by gene therapy is apparently an important method that may offer a cure for this disease. However, the widespread loss of the dystrophin protein in all muscles of an affected individual represents a major challenge for the development of an effective gene therapy treatment. For this reason, the development of a systemic delivery system, which can ideally deliver dystrophin gene into all muscles, is imperative to the success of gene therapy for DMD.
Gene transfer of dystrophin gene to skeletal muscle has mainly been carried out by intramuscular injection of naked DNA 4 or viral vector. [5] [6] [7] [8] [9] Unfortunately, it is unlikely that direct intramuscular injection of naked DNA is a clinically viable method of delivering gene into DMD patients. First of all, the level of gene expression is too low to have any sufficient significance. More importantly, the muscle fibers expressing the transgene product is very spatially limited; gene expression only occurs in a few square centimeters near the injection site.
Neutral polymers, such as polyvinyl pyrrolidone, have been used to enhance gene expression in muscle; however, there is no significant improvement in the area of gene expression. 10 Intravascular delivery of naked DNA to muscle is apparently an attractive approach for overcoming this problem, because it would permit DNA to reach all muscle fibers, thereby leading to more widespread therapeutic gene expression.
Recently, Budker et al 11 developed a semisystemic method that could deliver plasmid DNA into a whole leg of a rat They injected DNA solution through the femoral artery of rats while all blood vessels to and from the leg were occluded. Gene expression was detected in all muscle groups of the leg. This method represents a significant advance towards the development of gene therapy for DMD. More importantly, Zhang et al 12 has demonstrated the applicability of this method in primate. However, the applicability of this method to restore dystrophin protein on DMD animal models, such as mouse or dog, remains unknown.
In this study, we report a semisystemic delivery method that can efficiently transfect all muscles in both hind limbs of mice. We demonstrate that it is possible to achieve widespread restoration of dystrophin protein in all hind-limb muscles of mdx mice by intravascular injection of naked DNA encoding the dystrophin gene. We also investigate factors that limit the naked DNA delivery through intravascular injection. These results have important implications with regard to the development of gene therapy for DMD.
Results

Injection route
To examine any difference in gene expression in the muscle after DNA injection through the tail artery or tail vein, 100 mg of DNA in 2 ml phosphate-buffered saline (PBS) solution was injected through either the tail artery or tail vein, while the aorta and vena cava were clamped (Figure 1 ). At 2 days after injection, muscle was collected and luciferase gene expression in all muscle groups was measured. As shown in Figure 2 , a relatively high level of gene expression could be detected in all muscle groups in both cases. In addition, the level of gene expression was about 10-fold greater in mice receiving DNA through the tail artery than in those injected through the tail vein. Furthermore, the levels of gene expression in one leg by the tail vein injection could be dramatically enhanced when the blood flow through the other leg was blocked (data not shown). The tail vein injection, technically speaking, is easier to perform than the artery injection.
Injection speed, volume, and ischemia time
To optimize the condition of injection for gene transfer, we examine the effects of injection speed, injection volume, and ischemia time on gene expression in muscles. To study the effect of injection speed, 2 ml of DNA solution containing 100 mg of luciferase plasmid were injected through the tail artery of mice in 5 or 20 s. Luciferase gene expression in mouse legs was examined 2 days later (Figure 3a) . Gene expression in those mice
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Aorta & Vena Cava Figure 1 Schematic illustration of tail artery and tail vein injection of DNA solution. DNA PBS solution (2 ml) was injected through the tail artery, while the aorta and vena cava were clamped as indicated. In another series of experiment, the effect of injection volume was examined. A measure of 1, 2 or 3 ml of DNA solution was injected into mice within 5 s and the luciferase gene expression was examined 2 days later (Figure 3b) . Injection of 1 ml DNA solution resulted in gene expressions more than 10-fold lower than those injected with 2 ml DNA solution. Further increase in injection volume did not result in significant increase in gene expression (result not shown for 3 ml injection). This result together with the result of injection speed indicates that increased hydrodynamic pressure is critical for naked DNA delivery to the muscle.
To examine whether high pressure should be maintained after the injection to achieve high levels of gene expression, the blood flow was blocked for different periods of time. Figure 3c shows that there was no significant difference in gene expression in muscles whether the blood flow was blocked for 15 s, 5, or 10 min after DNA was injected. This result indicates that maintaining a high pressure is probably not a critical factor once the DNA is delivered to the muscle tissue.
Effect of histamine on gene expression
As the extravasation of plasmid DNA might be limited by the presence of endothelium, we tested whether histamine, which increases the endothelium permeability, could increase the gene expression in the muscle (Figure 4) . In mice preinjected with histamine, gene expressions in all different muscle groups were more than 10-fold higher than in mice preinjected with PBS. This result indicates that the endothelium is one of the major barriers for naked DNA delivery to the muscle.
DNA dose-response
Three doses of luciferase DNA were tested for gene expression in muscles. Mice were injected with 25, 100, or 200 mg luciferase DNA in 2 ml PBS solution in 5 s and muscles were collected 2 days after of injection. The results are shown in Figure 5 . Gene expression in all muscle groups increased with increasing amount of DNA injected. Even with the injection of 200 mg of DNA, no saturation has observed. It is known that in intramuscular injection, the uptake of DNA normally saturates at 100 mg of DNA. 13 The reason for this discrepancy could be due to the fact that intra-artery injection can deliver plasmid to many more muscle fibers, therefore the cell surface available for DNA uptake is much greater than the case for intramuscular injection. In addition, our method of occlusion does not guarantee that the DNA solution only flows to the muscle; some could be delivered to the abdominal organs.
Time course of DNA expression
Intramuscular injection of plasmid DNA results in a relatively long period of gene expression.
14 To examine whether this is the same with intra-artery injection, luciferase expression was measured at various time points after intra-artery injection of 100 mg of DNA in 2 ml of saline solution. The results are shown in Figure 6 . The gene expression reached its peak between 1 and 2 weeks. After 2 weeks, gene expression started to decline. At 1 month, gene expression in muscles was about 50% of the peak level. This result suggests that the duration of gene expression after intra-artery injection is comparable to that of the intramuscular injection.
Study of LacZ gene expression in muscle
To examine the percentage of muscle fibers transfected by intra-artery injection of plasmid, 400 mg of plasmid containing the lacZ gene in 2 ml PBS solution were injected. Figure 7 shows that large numbers of myofibers expressing the lacZ gene product could be observed 7 days after the injection of plasmid DNA. Unlike gene expression using intramuscular injection, lacZ gene expression after intra-artery administration was much more widely spread. This is evident in all muscle groups (data not shown). However, the percentage of muscle Systemic delivery of naked DNA to muscle KW Liang et al fibers transfected was modest; about 10% of muscle fibers were transfected as defined by LacZ expression.
Plasmid distribution in muscle tissue
As the percentage of muscle fibers transfected was modest by intra-artery injection of plasmid, we wondered whether plasmid DNA had reached all muscle cells by this method of delivery. To answer the question, plasmid DNA was labeled with rhodamine-labeled peptide nucleic acid (PNA) so that the plasmid DNA still maintained a supercoiled conformation after labeling. 15 We examined the plasmid distribution at 5 and 30 min after intra-artery injection. As shown in Figure 8 , at 5 min after injection, almost all muscle fibers were surrounded by red-colored plasmid DNA. At 30 min, plasmid DNA started to be seen inside some of the cells, but the majority of DNA still remained outside the cells. This result indicates that plasmid DNA can overcome the endothelial barrier by injection through the tail artery. However, the muscle cell membrane seemed to become the main barrier for the uptake of naked DNA delivered intravascularly.
Effect of intra-artery injection on muscle integrity
Large volume of injection solution is required to increase the hydrodynamic pressure inside the blood vessel so that plasmid DNA can be forced to pass through the endothelial wall. One major concern of this method of delivery is whether the injection will cause severe damage to muscle cells. To address this issue, we examined the morphology of muscle fibers by hematoxylin and eosin (H&E) staining after intra-artery injection of 2 ml DNA solution. Muscles were collected and examined 2 and 7 days after injection. As shown in Figure 9 , muscles showed slight widening of the interstitial endomysial space 2 days after injection. However, there was no evidence of muscle damage at this time point. By 7 days after injection, muscles displayed a normal histological appearance ( Figure 9 ). No inflammation, nor lymphocyte or leukocyte infiltration, was evident in both time points, indicating that intra-artery injection of plasmid DNA does not induce adverse immunological reaction in the muscle.
Restoration of full-length dystrophin protein
The efficacy of expression of full-length dystrophin cDNA by intra-artery (Figure 10a ) or tail vein injection (Figure 10b ) was examined 7 days after injection of Systemic delivery of naked DNA to muscle KW Liang et al 500 mg of plasmid DNA containing full-length murine dystrophin cDNA into the mdx or wild-type C57 mice ( Figure 10 ). Immunofluorescence staining of normal skeletal muscle in C57 mice revealed dystrophin as a continuous staining along the plasma membrane of every muscle fiber. In untreated mdx mice, this pattern of staining was not observed. On the other hand, the dystrophin-positive fibers were clearly observed in mdx mice injected with full-length dystrophin plasmid. Even though the level of dystrophin expressed were lower than that of C57 mice, more than 30% of muscle fibers in all muscle groups are dystrophin positive (Table 1) . In treated mdx mice, some vasculatures (arrows in Figure  10a ) were also stained due to nonspecificity of the method used. The data for intravenous injection ( Figure  10b ) is very similar to that of the intra-artery injection (Figure 10a ). The quantitative analysis of the bands of Western blot in Figure 10c by NIH Imager 1.6 showed about 31% of dystrophin expression, compared to the C57/BL mice, when mdx mice were transferred with dystrophin gene.
Discussion
The pathological severeness of DMD has prompted extensive research on developing gene therapy methods for the treatment of this chronic but deadly disease. 20, 8, 9 or nonviral vectors including HVJ liposome 21 and naked DNA have been tested. Although viral vectors can achieve high degrees of gene transfer efficiency, their use for the delivery of dystrophin has encountered many problems. For example, although HSV and adenoviral vectors can deliver the full-length dystrophin gene, they both suffer from strong immune response in the host and loss of infectivity when muscle fibers are mature. 22 Adeno-associated viral vectors, on the other hand, are capable of efficiently infecting both young and mature muscle fibers, but their small packaging limit makes it impossible to deliver full-length dystrophin gene. Compared to viral vectors, the use of naked DNA to treat DMD has certain advantages. First, naked DNA appears to have no significant side effects when delivered to muscle. Although there are some reports with regard to inflammatory responses arising from the CpG motifs on the plasmid DNA, 23 ,24 intra-artery injection of naked Muscles were examined 7 days after intra-artery injection of fulllength dystrophin plasmid. The high variation is due to the uneven distribution of dystrophin gene.
Systemic delivery of naked DNA to muscle KW Liang et al DNA does not seem to cause any significant inflammation as demonstrated in our study ( Figure 9 ). This may be because of the absence of cationic carrier, which normally enhance the inflammatory response. 25 Furthermore, skeletal muscle seems to internalize naked DNA more efficiently than other types of tissue. 26 Our study demonstrates that it is possible to achieve widespread gene expression in skeletal muscles by intravascular injection of naked DNA. Gene expression was detected in all muscle groups in either one or both hind limbs of mice (Figures 2-5 and 10 , Table 1 ). There are apparently two major barriers for intravascular delivery of naked DNA to skeletal muscles. The first barrier is the endothelium wall, which apparently limits the extravasation of naked DNA to reach the muscle tissue. It was reported that the endothelium in muscle is different from the endothelium in liver or spleen. The latter is noncontinuous and fenestrated, containing many large pores. The former is of continuous and nonfenestrated type. 27 Despite its small size, naked DNA apparently cannot pass through the endothelium freely. In fact, the endothelium barrier is not only a barrier for naked DNA but also a barrier for viral vectors such as adenoviral and adeno-associated viral vectors as well. 28, 29 For gene therapy to be successful for systemic muscular disorders such as DMD, overcoming the endothelium barrier becomes the first prerequisite. Increasing the hydrodynamic pressure by injecting a large volume of DNA solution within a short time period seems to be an effective method to overcome this barrier. This method has been applied for both naked DNA-and viral vector-mediated gene transfer to muscles. 11, 28, 29 A relatively large volume of solution in the vasculature may expand the endothelium and stretch the pores on the endothelium. Second, the elevated hydrodynamic pressure in the vasculature may force the DNA solution to pass through the endothelium and disperse it in the muscle tissue. Our results also showed a significant difference between intravenous injection and intra-artery injection. This significant difference may be simply due to the fact that arteries are less distensible than veins and so the plasmid solution is transmitted directly to the capillaries, where the hydrostatic pressure forces the solution into the interstitial space. In contrast, delivery via the venous system would lead to pooling of the plasmid solution in the veins as they can expand to accommodate very large volumes. In addition, major veins have valves that act to prevent blood flowing back towards the capillaries and these may have a barrier effect when venous delivery to the hind limbs is attempted. Other methods have also been used to enhance the extravasation of DNA. For example, Budker et al 11 have combined vasodilator and collagenase, which can digest the basal membrane of the endothelium, to increase the permeability of the endothelium and they observed further increase of gene expression. In our study, we have used histamine to increase the permeability of the endothelium. In histamine-treated mice, gene expression was enhanced about 10-fold in all muscle groups of the mouse legs. The application of histamine to increase the extravasation of adenoviral vector has also been tested and similar level of enhancement in gene expression was observed. 29 The combination of large volume injection with some agents that can increase the endothelium permeability seems to be an effective method to overcome the endothelium barrier.
The second barrier for gene delivery to skeletal muscle appears to be the cellular uptake of naked DNA. Using fluorescence-labeled plasmid DNA, we clearly demonstrate that our method can deliver plasmid DNA to almost all muscle fibers in the tissue (Figure 8) . However, only a relatively small percentage of muscle fibers showed gene expression when LacZ was used as a reporter gene. Therefore, muscle fibers seem to resist naked DNA uptake. This barrier appears to be the major barrier for gene delivery to skeletal muscle. Overcoming this barrier will have significant implication for gene therapy for DMD.
Compared to intramuscular injection, in which only a few percent of muscle fibers are been transfected, our method represents a significant advancement. Although in our LacZ study, the percentage of muscle fibers expressing LacZ is still low, the gene was expressed in all the muscle groups in mouse legs. Furthermore, it was reported that LacZ staining normally underestimates the gene expression about three-fold. 30 Indeed, our immunostaining with dystrophin gene expression revealed a much wider area of gene expression ( Figure 10 and Table  1 ). However, it is not clear whether muscle function can be restored at this expression level. Function studies are required to assess the effect. Furthermore, data shown in Figure 10 seem to indicate that dystrophin was also expressed in the vasculature cells of the treated mouse. This could be due to the fact that the dystrophin gene used in this study was not controlled by a musclespecific promoter. With the development of more efficient DNA vectors such as the ones with a targeting ligand attached, 31 and with the use of a muscle-specific gene expression system, specific gene expression may be further increased.
In summary, the results of our study demonstrates the possibility of systemic delivery of naked DNA and achieve widespread expression of dystrophin gene in multiple skeletal muscles in mdx mice. However, the practical application of this method to treat DMD is still limited by the relatively low efficiency of DNA uptake by muscle cells and relatively short period of transgene expression. In addition, injecting large volume of solution locally may be applicable to human, as demonstrated by Zhang et al, 12 in monkeys. However, the application of this method to the diaphragm would be problematic. Different delivery method for the naked DNA to the diaphragm has recently been reported by this lab. 32 It is possible to treat DMD by treating different organs separately. However, before this can happen, problems such as transfection efficiency and short-term expression have to be overcome.
Materials and methods
Plasmids pCMV-Luc plasmid containing firefly luciferase cDNA driven by CMV immediate-early promoter was constructed by introducing the luciferase cDNA into pNGVL3 plasmid (National Gene Vector Laboratory, University of Michigan, MI, USA). pCMVLacZ plasmid was obtained from Invitrogen (Palo Alto, CA, USA). pFDPC plasmid containing full-length dystrophin cDNA Systemic delivery of naked DNA to muscle KW Liang et al under the control of CMV promoter was constructed by digesting pSRaDMD (a gift from Dr Paula Clemens) with NotI and ligating to the NotI site of pcDNA 3 (Invitrogen, Palo Alto, CA, USA). For plasmid distribution study, pWIZ-Lux plasmid obtained from Gene Therapy System (GTS, San Diago, CA, USA) was labeled with rhodaminelabeled PNA according to a previous report. 15 All plasmids were amplified in Escherichia coli and purified by Qiagen Giga plasmid preparation kit (Qiagen, Valencia, CA, USA).
Animal procedures
All experiments were performed using CD-1 mice (4-6 weeks old) or X-linked muscular dystrophy (mdx) mice (4-6 weeks old). Prior to any surgical procedure, the animals were anesthetized by intraperitoneal injection of 2,2,2-tribromoethanol (500 mg/kg). For plasmid injection, the tail artery or tail vein was cannulated with a 25 G butterfly needle connected to a polyethylene tubing (Harvard Apparatus, Holliston, MA, USA). The needle was subsequently fixed to the tail with instant adhesive (Loctite 404, Applied Industrial Technology, Pittsburgh, PA, USA). The abdomen was then opened to expose the aorta and the vena cava. Prior to injection, a microvascular clamp (Harvard Apparatus, Holliston, MA, USA) was placed on the aorta and vena cava at the location just below the kidneys (Figure 1 ) so that the DNA solution can pass through the common iliac artery and reach the leg muscles after injection from the tail artery or tail vein. In a typical experiment, 2 ml of PBS solution containing 100 mg of luciferase plasmid or 400 mg of b-galactosidase plasmid was injected in 5 s. Alternatively, DNA solution was injected to mice through the tail vein following clamping the aorta, vena cava and occlusion of the blood flow through one of the legs using modified artery forceps. The clamps were removed 15 s after injection and mice were allowed to recover from the effect of anesthesia. To examine the effect of histamine, 1 ml of PBS with or without histamine (10 mM) was first injected, and 5 min later, 2 ml of luciferase plasmid solution was then injected.
For the administration of dystrophin plasmid, the aorta of mdx mice was cannulated with a microcannula (Harvard Apparatus, Holliston, MA, USA), 1.5 ml of 10 mM histamine solution in PBS containing 500 mg of the full-length dystrophin plasmid was injected in 5 s. After injection, the incision on aorta was closed with suture and mice were allowed to recover from the effect of anesthesia.
b-Galactosidase expression analysis
At 1 week after the intravascular injection of pCMVLacZ, mice were killed by cervical dislocation. All muscle groups were harvested and flash-frozen in isopentane cooled in liquid nitrogen. Serial cross-sections (12 mm) were placed onto glass slides (Super-frost plus; Fisher Scientific, Pittsburgh, PA, USA) and kept at -801C. X-gal staining was carried out using X-galactosidase staining kit (Invitrogen, Palo Alto, CA, USA) according to the manufacture's procedure. Briefly, muscle sections were fixed in 1% glutaldehyde for 10 min and then rinsed with PBS. Sections were then stained overnight for b-galactosidase activity by incubation at 371C with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal, 1 mg/ ml), 1 mM MgCl 2 , 5 mM potassium ferrocyanide, and 5 mM potassium ferricyanide in PBS. After washing in PBS, the slides were counterstained in alcoholic eosin and then dehydrated and mounted. Photographs were taken with a Nikon TE-300 fluorescence microscope. To quantitate the percentage of LacZ-positive fibers, the number of positive cells and the total number of cells were counted from 15 photographs covering different areas of muscle section.
Luciferase gene expression analysis
For luciferase assay, the entire muscle groups were collected from each mouse leg 2 days after injection, except for the time-course study. The muscles were homogenized in lysis buffer (1% Triton X-100, 2 mM EDTA, 0.1 M Tris, pH 7.8) using a tissue tearer (Biospec Products, Bartlesville, OK, USA). The homogenates were centrifuged at 14 000 g for 10 min at 41C and 10 ml of the supernatant was analyzed for luciferase activity using an LB 953 luminometer (Berthod). The results were expressed as relative light units per mg of tissue protein.
Protein assay was carried out with the Coomassie plus reagent (Pierce, Rockford, IL, USA).
Plasmid distribution and histological examination of the muscle damage PBS (2 ml) solution containing 100 mg of luciferase plasmid labeled with rhodamine-PNA was injected through the tail artery as described above. At 5 and 30 min after injection, the quadriceps were collected, flash-frozen and sectioned. The slides were examined and photographed using a Nikon T-300 fluorescence microscope. For the muscle damage study, 2 ml of PBS solution containing luciferase plasmid was injected as above. Quadriceps were collected at 2 and 7 days after injection, sectioned and stained with H&E.
Immunofluorescence detection of dystrophin gene expression
Serial crosscryosections (6 mm) were collected. Immunostaining of dystrophin was performed with the Mouse-onMouse Kit (Vector Laboratories) according to the manufacturer's protocol without fixing the muscle sections. Primary monoclonal antibody against the Cterminus of dystrophin (NCL-Dys2; 1:20 dilution) was purchased from NovoCastra Laboratories (Burlingame, CA, USA). Muscle cell nuclei were counterstained with a mounting medium containing 4 0 , 6 0 -diamidino-2-phenylindole (DAPI) (Vector Laboratories). For quantitation of dystrophin-positive fibers, the number of dystrophinpositive cells and the total number of cells were counted from 15 photographs covering different areas of muscle section. For intravenously injected animals, the sections were preincubated for 1 h at room temperature with 10% horse serum in PBS (pH 7.4) and then incubated overnight with affinity purified rabbit polyclonal antidystrophin antibody 6-10 (a gift from EP Hoffman). 33, 34 After four rinses in 10% horse serum/PBS, the sections were incubated with Alexa Fluor 568 goat anti-rabbit antibody (Molecular Probes, 1:200 dilution) for 1 h. As controls, the muscle sections from C57BL/10 and untreated mdx mice were similarly processed. The sections were examined and photographed with a Nikon TE-300 fluorescence microscope. Protein concentration was determined using BCA protein assay kit (Biorad). The samples were then subjected to electrophoresis of 7.5% SDS-PAGE gel, transferred to nitrocellulose membrane. Dystrophin expression was then detected using a high-affinity antidystrophin antibody anti 6-10, a generous gift from Dr LM Kunkel (Children's hospital and Harvard Medical School, Boston, MA, USA), and visualized with anti-rabbit secondary antibody linked to horseradish peroxidase and chemiluminescence (Amersham).
